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used partial Tl ribonuclease digestion products of R17 RNA to order T 
oligonucleotides of the limit digest. A partial digest of DNA is obtained k 
limiting the reaction time so that the endonuclease does not cleave at u 
possible recognition sites in the DNA. Thus, partial digestion yields som 
fragments comprised of two or more contiguous complete digestion D mT 
ucts. By purifying a partial digestion product, incubating it with exce 
enzyme to complete the digestion, and identifying the resultant fragment 35 
one can determine which final products are contained in a given parti i 
digestion product. Analysis of several partial digestion products in th 
way enables one to deduce the order of all fragments of the limit di fie s $ 
Multiple enzyme digestion for ordering DNA fragments employs an 
approach. routinely used for sequencing proteins and RNA, namely T 
quential digestion with enzymes of different specificity. For DNA ' th 
cleavage products of one endonuclease are characterized with respect to 
size and are then digested with a second endonuclease. Analysis of th^ 
resultant double-digestion products establishes the relationship between 
the cleavage sites of the two enzymes. 

The partial digest and multiple enzyme digest approaches to fragment 
ordering are best illustrated by example. This chapter presents a model 
study which develops a physical map of the SV40 genome. Section I 
describes procedures for digestion of DNA with endonuclease and for 
analysts of cleavage products, with emphasis on techniques, such as 
polyacrylamide gel electrophoresis and autoradiography, that are used in 
the model study. Ordering fragments through analysis of partial digestion 
products is illustrated in Section II for the two sets of SV40 DNA frae 
ments produced by cleavage mthHincll and with Hindlll. In Section III 
Toql and BamHl are used in multiple enzyme digestions with Hindi and 
Hmdlll to generate a complex physical map that includes the cleavaee 
sites for all four enzymes. 



L Basic Procedures 

A, Digestion of DNA with Restriction Endonucleases 

The first step in ordering DNA fragments is complete digestion of 
DNA with the endonuclease(s) of choice. Optimal reaction conditions 
(e.g., pH, salt concentrations, and temperature) for specific restriction 
endonucleases are described in the catalogues published by suppliers 3 and 

3 Bethesda Research Laboratories, Rockville, Maryland; Boehringer Mannheim In- 
dianapolis, Indiana; Miles Laboratories, Inc., Elkhart, Indiana; New England Biolabs 
Beverly, Massachusetts. 
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uewhere in this volume. 4 However, the amount of enzyme 5 needed to 
•eld a limit digest must be determined empirically because the number of 
V ! vage sites for a particular endonuclease in a given species of DNA 
C n0t be predicted. A series of pilot reactions, in which both the ratio of 
C yme t0 D NA and the incubation time are varied, is useful for determin- 
es the amount of enzyme needed to attain complete digestion. In the 
model study, each pilot reaction contained 0.2 pg of SV40 DNA in a 20-/xl 
volume with either 0.1 unit, 0.5 unit, or 1 unit of enzyme. A aliquot 
. vas withdrawn from each reaction mixture at 30 min, 1 hr, 2 hr, and 3 hr, 
ond reaction in each was stopped by the addition of sodium dodecyl 
'sulfate (SDS) to a final concentration of 1% (w/v). Samples were then 
analyzed electrophoretically, as described in Section I.B, to determine 
which conditions resulted in complete digestion. 

An important characteristic of a limit digest is that all cleavage prod- 
ucts are equimolar. Therefore, when uniformly labeled [ 32 P]DNA is 
cleaved the amount of radioactivity in each limit product is directly pro- 
portional to its size. Complete digestion can be verified by the addition of 
more endonuclease to a reaction mixture and incubation for a longer time. 
If digestion is complete, neither the amounts nor the sizes of the products 
will change. 

The same methods can be used to establish conditions for partial diges- 
tion. Short reaction times result in large fragments that contain several 
contiguous complete digestion products, and longer times result in smaller 
fragments. A preparation of partial digestion products including fragments 
of all sizes can be obtained by combining several reaction mixtures incu- 
bated for different lengths of time. 

Preparative reaction mixtures should be exactly scaled to pilot reac- 
tions that yield a high proportion of the desired products. A preparative 
digest containing 1 x 10 6 to 2 x 10 s dpm of [ 32 P]DNA proved sufficient to 
map SV40 DNA, which is about 5000 nucleotide pairs in length. 

B. Analysis of Cleavage Products 

DNA fragments produced by restriction endonucleases have been 
separated by reverse phase chromatography, 6 hydroxylapatite 
chromatography, 7 agarose gel electrophoresis, 8 - 9 and polyacrylamide gel 

4 See this volume. Section III. 

» For example, New England Biolabs defines 1 unit of enzyme as the amount that com- 
pletely digests 1 fig of phage X DNA in 15 min at the optimal temperature of incubation. 
6 R. D. Wells ex at., this volume, Article [41]. 
' D. Davis et al. t this volume, Article [49]. 

8 P. A. Sharp, B. Sugden, and J. Sambrook, Biochemistry 12, 3055 (1973). 

9 R. C. Parker and B. Seed, this volume, Article [44]. 
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electrophoresis. 10,11 For most of the analyses in the model study, vertical 
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slab gels of polyacrylamide were used because of their high resolv 
power and high capacity. Visualization of DNA fragments in gels has bee 5 
achieved by the use of both fluorescent 12 and nonfluorescent stains, 13 k 
the use of tungstate screens, 14 and by autoradiography. 15 In the model 
study, fragments of [ 32 P]DNA (specific activity of 5 x 10 5 dpm/ Mg of 
DNA) were visualized by autoradiography, a sensitive method that allows 
as little as 10~ 3 fig of DNA to be observed in 16 hr. Detailed descriptions 
of both slab gel electrophoresis and autoradiography have been presented 
in this series. 9 ~ 1U4 * 16 The remainder of this section reviews only the 
specific techniques used to prepare the slab gels, samples, and wet- and 
dried-gel autoradiograms for the model study. 

Slab gels (14-cm wide, 13-cm long, 1-mm thick) are routinely prepared 
by the method of Loening 17 from these stock solutions: 

1. Acrylamide (recrystallized from ethyl acetate), 15% (w/v)-A^/y. 
methylenebisacrylamide (recrystallized from acetone), 0.75% (w/v) 

2. lOx electrophoresis buffer: 0.4 M Trizma base, 0.2 M sodium 
acetate, 0.02 M sodium EDTA, adjusted to pH 7.8 with glacial acetic acid 

3. Ammonium persulfate, 5% (w/v), freshly made 

4. N,iV,W,iV'-tetramethylethylenediamine (TEMED), neat 

For a 4% polyacrylamide gel (total volume 40 ml), 10.7 ml of stock ac- 
rylamide solution are mixed with 4 ml of lOx electrophoresis buffer and 
24.9 ml of deionized water. Polymerization is catalyzed by the addition of 
0.42 ml of 5% ammonium persulfate and 0.042 ml of TEMED. The solu- 
tion is poured between two glass plates, as described by DeWachter and 
Fiers, 16 to form the slab gel. 

Prior to electrophoresis, DNA samples containing 1% SDS (w/v) are in- 
cubated at 37° for 10 min to disrupt protein-DNA aggregates. Samples are 
then made 10% (w/v) in sucrose and 0.02% (w/v) in bromphenol blue, are 
layered into wells in the gel, and are electrophoresed at constant voltage 
in a buffer of 0.04 M Trizma base, 0.02 M sodium acetate, 0.002 M sodium 
EDTA, adjusted to pH 7.8 with glacial acetic acid. 

The time of electrophoresis and voltage required depend on the range 
of fragment sizes that must be resolved. A mixture of DNA fragments 

°T. Maniatis and A. Efstratiadis, this volume, Article [38]. 

1 P. G. N. Jeppesen, this volume, Article [39]. 

2 G. G. Carmichael and G. K. McMaster, this volume, Article [47]. 

3 G. S. Hayward, Virology 49, 342 (1972). 
A R. A. Laskey, this volume, Article [45]. 

5 K. J. Danna and D. Nathans, Proc. Natl. Acad. Set. U.S.A. 68, 2913 (1971). 
« R. DeWachter and W. Fiers, Vol. 21, Part D, p. 167. 
7 U. Loening, Biochem. J. 102, 251 (1967). 
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r m 900 to 2000 nucleotide pairs can oc « 
sizC 4% polyacrylamide by electrophoresis at 120 V for 3 
%tmi v ... slab gel or h of , arger fragmentS( such as partial digestion 
^ r adequate res ^ rf dectrophoresis or both should be 

I**"' 'I' "an aUernative, a gel with a larger pore size (i.e., lower 
&«» scd ' f vlamide or agarose) can be employed, 
-^tage of aery i$ of [32 p ]DNA fragments can be achieved by 

!^utoradiograpn>c ^ ^ described by DeWachter and Fiers, 16 or 
fL - c \ exposure o autoradiography is essential for punfica- 

y^^^pmNA fragments from gels (see Section I,C). For wet-gel au- 
ifcfl of 1 P L 11 of the glass plates enclosing the gel is removed; the 
^ftdioeraphV- ° ne remaini ng glass plate, is covered with Saran wrap; a 

S. »»PP ort f , y y rav film (e.g., Kodak Blue Brand or Kodak RP Royal 
jpc of medic^ a y garan wfap; & ^ gkss plate is clamped on 

m"* l) ' S il to ensure uniform contact. After an appropriate exposure 
PP° f !. fSm i processed in Kodak D-19 developer (5 min) and Kodak 
pne, the film >s P ^ 20Q() dpm of [32p]DN A in an area of 1 mm 2 

- jpid-Fixcr ( | a ^ visible spot 0 n Kodak Blue Brand film after a 30-rmn 

giposure. oced ure of dried-gel autoradiography results in 

fe ThC u Thecause of a reduced scattering angle between the radioac- 
gjurper ban d i oe ^ dried Qn an automatic ge i dryer 18 

PI 8 Mnte" mtdificSioo" of a method described by Fairbanks et al» 
p b y Maize s m sheet of Whatman 3MM paper, is placed 

l^^'up on a P-ous support (either a metal grid or a porous 

& S sheet) and is covered with Saran wrap. With an automatic 
||0 yethy«ene sheet) a ^ q & prewarmed h Ung 

W'^u^wtoh has «n integral vacuum manifold. The assembly is 
I** ( ^ wi th a s'hl of silicone rubber, which forms a seal about the gel 
tehe^^tem is activated. The combination of heat and vac- 
iP riries b 14-cm x 13-cm x 1-mm gel in about 35 min. The dned gel is 
|aced tightly against a piece of X-ray film for autoradiography. 

£Ci- Purification of DNA Fragments 

W Individual DNA fragments are conveniently purified by Reparative gel 
llectrophoresis, excision of gel segments containing DNA bands,** and 
|Eovef^ of the DNA from each segment. For punficat.on of the ["PjDNA 
I For example, a Gel Slab Dryer, Model 224, manufactured by Bio-Rad Laboratories, 
^/Richmond, California. 
W» I V Maizel, Jr., Methods Virol. 5, 180. 

J» G. Fairbanks, Jr. , C. Levinthal. and R. H. Reeder, Biochem. Biophys. Res. Commun. 20, 
||v 393 (1965). 
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-10 ml plastic pipette 



-Minced gel segments 



- Glass wool 



U 




- Dialysis bag filled with 
electrophoresis buffer 



Fig. 1. Apparatus for recovery of DNA from gel segments by electrophoresis into a 
dialysis bag. 

fragments in the model study, a wet-gel exposure of a preparative gel was 
made as described in Section I,B, except that labels written with ^P-ink 
were placed at the corners of the slab before exposure. 16 The developed 
X-ray film was aligned on top of the gel by means of the radioactive labels, 
and the outline of the gel was traced onto the film. With the guidance of 
the tracing, the film was accurately aligned under the glass plate support- 
ing the gel so that gel segments corresponding to DNA bands could be 
excised with a scalpel or razor blade. 

For a description of general methods to recover DNA from gels, see 
Smith. 21 In the model study, recovery was accomplished by elec- 
trophoresis of the sample into a dialysis bag, a reliable method, which 
results in 80-90% recovery of DNA. A simple apparatus, illustrated in 
Fig. 1, consists of a short segment of a 10-ml plastic pipette with a glass 

21 H. 0. Smith, this volume, Article [46]. 
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P J — . 

• thP tin Attached to the pipette is a 3-4-cm long dialysis bag 

^ oolp,U V n ^ectroph^ is buffer. The dialysis tubing should fit tightly 
filled J *re ^end of he pipette. After the pipette has been filled with 
oVerth \ores buffer! minced' gel segments containing a DNA fragmen 
eleCtr °,nsfer;ed into the pipette and allowed to settle. The assembly ■ is 
are T cylindrical gel apparatus with the dialysis bag toward the 
^^teTectrod " oThat the DNA will migrate into the bag dunng subse^ 
0S U.ve electrooe reC overed from the bag can be used 

^ A ^S^^^ p rec * itation in °- 03 M S0( ! ium T ta d e : 

directly or can oe _ ed frQm polyacrylami de 

pH 6 -\Z way is suitabe for further endonuclease digestion. In the 
*V.\tudv 90% of a partial digestion product about 1000 nudeot.de 
m ° fin length was recovered from a 1-ml volume of 4% polyacrylamide 
P ge Tsegmenfs by electrophoresis at 150 V for 3 hr. 

„ Ordering of Fragments by Partial Digestion 
' * i ,ci* of nartial dieestion products to order fragments produced by 

J^wZ^SS^ — emP, ° yS teChniqU6S 
described in Section I in the following steps. 

1 . The electrophoretic profile for products of complete digestion is 

eSt 1 liS I h nd d ividual partial digestion products from a large-scale digest are 

PUrif 3 e Each partial digestion product is redigested with an excess of en. 
zym e and ele P ctrophor 8 esed in parallel with a marker of completely di- 

geSt 4 ^resulting data are analyzed to construct a physical map. 

The method is exemplified by the mapping of ^^^^ 
h H/ndTTI on SV40 DNA, a circular molecule with a length ot 52Z4 or 
5226" nuc ^eotide pairs. Figure 2 shows the major P-^ts of complete 
I nf SV40 DNA with Hinzll (lane a) and with Hmdffl (lane b). 

SCSS^ sel, the two smallest !W>£tta 

from the nucleotide sequence of the DNA, is listed in iaoi s 
lane c) shows an example of an incomplete digest of SV40 DNA with 
nw Fiers R Contreras, G. Haegeman. R. Rogiers, A. Van de Voorde, H. Van 
LvSyn J vi, HenUghe. G. Volckacr,, and M. Yscbaert, Nature (London) 273, 

- v! B (1 R 7 3dy, B. Th imm appaya, R. Dnar, K N. Sub^an-an B S. Zain, , Pan. P. K. 
Ghosh M. L. Celma, and S. M. Weissman, Science 200, 494 (1978). 



456 



DETERMINATION OF FRAGMENT ORDERING 



Top of 
gel 






B^ 



HindUl a 2 nW A a U,0r „ adi ,T PhiC a " alySiS ° f C ° mplete dl 'S ests of SV40 DNA with '^cll a^d" 

m jw t * un „ i / i ((U Mg) WHS dl S este d with 0.25 unit of H in dill in 10 ul of 7 
Till ' f 7 Mg ° 2 ' 50 mA/ NaC1 ^ 0 5 m ^ ml g ela «'n for 1 hr at 37* A 5 Jl 

Tor 0 h h M SampIC WaS eIectr °P h ^esed on a 4% polyacrylamide gel at 75 V 

Ir n* H a ? aCCnt t0 3 HindUl C ° mpIete digCSt marker and a ^ed-gel autoradiogram wal 
prepared. Fragments are labeled alphabetically in order of decreasing size 

HindUl the positions of the final products A, B, and C indicated by 
arrows In theory, an incomplete digest of circular SV40 DNA with 
HindUl might contain up to thirty partial digestion products, including the 
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Nucleotide 
pairs a_c 



Hindi 
product 



Nucleotide 
pairs a ~ c 



1768 
1169 
1099, 6 

526 

447 

215 



1101 C 



A 
B 
C 
D 
E 
F 
G 



1961/ 
1538 
1067 
369 
240 
29 
20 



1963 c 



"T^Taccount for the staggered breaks produced by Hindlll, the number of nucleotide 
pairs in each fragment was taken to be one-half of the total nucleotides. 
* Fiers et al." 
< Reddy et at. 23 

six unit-length linear species. Of these, seven are clearly resolved in 
the example, and one short fragment migrated off the gel. 

Individual products of partial digestion with Hindi and Hindlll, 
purified by the method described in Section I,C, were redigested with the 
appropriate enzyme, and the products derived from each were identified 
by electrophoresis of the digest in parallel with a complete digest marker. 
In each case, the intact partial digestion product was also electrophoresed 
adjacent to the marker so that the distance of migration could be mea- 
sured. Examples of electrophoretic analysis of partial products of Hindlll 
digestion are shown in Fig. 3. When a partial product gives rise to a set of 
equimolar fragments, as judged from the intensities of the bands in the 
autoradiogram, analysis is usually straightforward. For example, the 
Hindlll partial product in lane a of Fig. 3 yields fragments C and E when 
redigested (lane c), and the partial product in lane d yields E and F (lane 
f). One can conclude that C is contiguous to E and that E is contiguous to 
F in the SV40 genome. On the other hand, the fragment in lane g gives rise 
to A, B, C, and D, but clearly A and D are present in greater amount than 
B and C. Such a result is expected when the partial digestion product is 
actually a mixture of two different fragments that happened to comigrate 
in the preparative gel. Thus, in this example, one of the partial products is 
comprised of A and D, and the other of B and C. In other cases, rediges- 
tion may result in no apparent change in mobility of a putative partial 
digestion product because the fragment is actually a final product. This 
conclusion is confirmed if the putative partial product comigrates with a 
fragment in the complete digest marker. 




458 



DETERMINATION OF FRAGMENT ORDERING 



Top of 
gel — 

A — 



D- 



F- 
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Fig. 3 Analysis of HinAUl panial digestion products. Lanes b, e, and h are Bindm 
complete d.gest markers. Lane c is the result of redigestion of the partial digestion product in 
lane a, ane f ,s the d.gest of the partia. product in lane d; and lane i is the digest of the par^ 
0 Z i J of nMA 8 ' E 1 f C n h , pan,a ' di * estion P^duct was digested with HinMI by incubating 
0 01 Mg of DNA wrth 0. 1 un.t of enzyme in a volume of 30 M l for I hr at 37=. Samples w er f 

tZT™£ y ^ V " ^ °" 3 4% P-wUuoide gel and analyzed b/dried-S 

Qualitative results based on comigration should be verified by compar- 
ing the size of each partial digestion product with the sum of sizes of the 
fragments derived from it. This is particularly important for identifying 
instances m which two partial digestion products that comigrate are also 
equimolar. In contrast to the example shown in Fig. 3 (lanes d and f) the 
two sets of final products derived from an equimolar mixture of partial 
products cannot be distinguished on the basis of intensities of the bands in 
the autoradiogram. However, the combined sizes of all the final products 
derived from such a mixture will be twice the estimated length of the 
putatively homogeneous partial product. Although a limited amount of 
information can be derived from analysis of an equimolar mixture of 
partial products, one can usually obtain sufficient data from less ambigu- 
ous cases to construct a physical map. 

The length of a partial digestion product can be estimated on the basis 
of electrophoretic mobility, using a plot of relative mobility versus log 

cll^xr 111 ,en8th - FigUre 4 i,,ustrate s such a curve for unit-length linear 
6V4U DNA and the fragments in a Hindlll digest of SV40 DNA, the 

2t A. J. Shatkin, J. D. Sipe, and P. Loh.7. Virol. 2, 989 (1968). 
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Fig 4 Standard plot of relative mobility versus log of fragment length in a 4% polyac- 
rylamide gel. Unit-length linear SV40 DNA and the fragments in a complete digest of SV40 
DNA with Hindlll were used as markers. 

fragment lengths taken from the nucleotide sequence of the SV40 
genome."- 23 If DNA fragments of known length are n 01 ^^"^ 
ers the relative sizes of the fragments in a complete digest of [ P]DNA 
can be determined from the relative radioactivities of the fragments as- 
suming that radioactivity is directly proportional to length. The rad.oactiv- 
ty in individual fragments can be measured by excising the bands from a 
preparative gel, as described in Section I,C. Each segment is dissolved m 
0 -> ml of 30% hydrogen peroxide by incubation at 65° in a tightly capped 
scintillation vial and counted in a liquid scintillation spectrometer using a 
fluor for aqueous samples. 25 

Table II lists the results from analyses of several partial digesuon 
products of both H/ndIII and Hindi. Included are the estimated length of 
each partial digestion product, the final products derived from each and 
the sum of lengths of the final products. For these dat, the ,es .mated 
length of each partial product agrees reasonably well with the sum of sizes 

» For example, Aquasol. manufactured by New England Nuclear, Boston, Massachusetts. 
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TABLE II 

Analysis of Hindlll and Hindi Partial Digestion Products 



Hindlll product 
(relative mobility)" 



Estimated size 6 
(nucleotide pairs) 



Final 
products 



Sum of sizes* 
(nucleotide pairs) 



0.39 
0.18 

0.14 

0.13 
0.12 



670 
1600 

2300 

2500 
2900 



E, F 
C, E 
J B, C 
/A, D 

A, D, F 

B, C, D 



662 
1546 
2268 
2294 
2509 
2794 



Hindi product 
(relative mobility)* 



Estimated size 6 
(nucleotide pairs) 



Final 
products 



Sum of sizes* 
(nucleotide pairs) 



2.2 

0.19 

0.18 

0.15 

0.14 

0.11 



60 
1500 
1600 
2000 
2300 
3200 



F.G 
C, D 
B, G 
A, F 
B,D, E 
A, C, F 



49 
.1436 
1558 
1990 
2147 
3057 



■ Relative mobility was measured as distance migrated by fragment divided by distance 

migrated by Hindlll F on the same gel. 
6 Estimated from electrophoretic mobility, using the plot in Fig. 4. 
c The size of each final product was derived from the data of Fiers et ai. 

of the final products. Each set of final products listed in Table II repre- 
sents a group of fragments contiguous in the original DNA molecule. For 
example, based on the Hindlll partial product of relative mobility 0.39, 
the final product E is contiguous to F in SV40 DNA. Analysis of the 
partial product of relative mobility 0.18 indicates that C and E are con- 
tiguous. Because these two groups of fragments share fragment E, they 
can be linked in the order C-E-F. The results in Table II can be arranged 
such that members common to each group of contiguous fragments are 
placed in overlapping positions, as shown in Fig. 5, to determine the order 
of all the fragments. The data thus lead to the construction of the two 
cleavage maps in Fig. 6, one for Hindlll and the other for Hindi. 
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III. Ordering of Fragments through Multiple Enzyme Digestion 

One application of multiple enzyme digestion for ordering fragments 26 
parallels the use of partial digests discussed in Section II. That is, if the 
products of enzyme a are to be ordered, purified products of several 

* R. C. Yang, A. Van de Voorde, and W. Fiers, Eur. J. Biochem, 61, 119 (1976). 
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to determine the complete order. 

„,„ , ) ma y be used in place of partial diges- 
accessory enzymes (0, y, 8, . • nroduce d by enzyme fi that in- 

techniques required are similar to those utilized in Section 

1 Electrophoretic profiles of fragments produced by several en- 
donucleases (a, 0, 7, 8, • • ■ ) ■» determined. 




Fig. 6. Cleavage maps 



for the H/ndlll and Hindi products of SV40 DNA. 
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2. Fragments produced by complete digestion with accessory en- 
zymes f3, y, S, . . . , are purified by the procedure described in Section 
I,C 

3. Each purified fragment is digested with enzyme a, and the li m i t 
products of a derived from each are identified by electrophoresis in paral- 
lel with a marker of a products. 

4. Sets of contiguous fragments are arranged such that common 
members are placed in overlapping positions to construct a map. 

This basic approach can also be used to correlate two existing cleavage 
maps. For example, the Hindi and Hindlll maps in Fig. 6 might be 
aligned by digesting purified Hindi products with Hindlll. The relative 
positions of the cleavage sites for the two enzymes can be deduced from 
the resulting data. 

A second application of multiple enzyme digestion allows the correla- 
tion of independently constructed cleavage maps of two different en- 
zymes. In contrast to the first approach, this method relies on elec- 
trophoretic analysis of double digests and usually requires no purification 
of fragments. A particularly simple analysis results if each accessory en- 
zyme used in this method recognizes only a single cleavage site in the 
DNA. 

The first step of the procedure involves characterizing the cleavage 
products of each accessory enzyme. In the model study, the endonu- 
cleases Taql and BamHl are used to relate the Hindlll and Hindi 
cleavage maps that were established in Section II (Fig. 6). Taql and 
BamHl each cleaves SV40 DNA at a single site, as shown in Fig. 7. The 
single bands in lanes a {Taql digest) and b [BamHl digest) correspond to 
unit-length linear SV40 DNA. The distance between the cleavage sites for 
the two enzymes can be estimated as described in Section II by sequential 
digestion of 32 P-labeled SV40 DNA and quantitation of the radioactivity in 
the products, A and B (Fig. l\ lane c). Fragment A accounts for 58% of the 
total radioactivity and fragment B for 42%. Since SV40 DNA contains 
about 5200 nucleotide pairs, fragment A is approximately 3000 nucleotide 
pairs long and fragment B is about 2200 nucleotide pairs long. 

The next step involves double digestion with each accessory enzyme 
and the enzymes Hindi and Hindlll. If optimal reaction conditions for 
two enzymes are similar, the enzymes can be used simultaneously. For 
example, for double digestion of SV40 DNA with BamHl and Hindlll, 
0.02 fig of SV40[ 32 P]DNA was incubated with 0.1 unit of Hindlll and 0.1 
unit of BamHl at 37°C for 1 hr in 20 /il of 7 mM Tris-HCl, pH 7.9, 7 mM 
MgCl 2 , 50 mM NaCl, 7 mM 2-mercaptoethanol, and 0.5 mg/ml gelatin. 
Likewise, Hindi and BamHl can be used together. On the other hand, 
since conditions optimal for Taql require incubation at 50° with no NaCl,' 
sequential digestion is necessary. 
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no. 7. Taql, BamHU and TaqVBamHl digests of SV40 DNA. (a) SV40 [ 32 P]DNA (0.02 
M g) was digested with 0. 1 unit of Taql in 20 /xl of 10 mM Tris-HCl, pH 8.0, 6 mM MgCU, 6 
mM 2-mercaptoethanol, 0.5 mg/ml gelatin at 50° for 1 hr. The sample was electrophoresed on 
a 1.3% agarose gel for 3 hr at 40 V and analyzed by dried-gel autoradiography, (b) SV40 
[ 3 -P]DNA (0.02 ^g) was digested with 0.1 unit of Bom HI in 20 /xl of 6 mA/ Tris-HCl, pH7.9, 
6 mM MgCl 2 , 50 mM NaCl, 7 mM 2-mercaptoethanol, 0.5 mg/ml gelatin at 37° for I hr. 
Analysis was the same as for sample a. (c) SV40 [ 32 P]DNA (0.02 M g) was digested with Taql 
as described for sample a. Then 1 fi\ of 1 M NaCl and 0. 1 unit of Bam H 1 were added and the 
sample was incubated at 37° for 1 hr. Analysis was the same as for sample a. 
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Fig. 8. Double digests of Hindlll and /ftncll products with 5am HI and lag I. Lanes a 
and c are complete H in dill digest markers; lanes e and g are complete Hindi digest mar- 
kers. Lane b, 0.02 of SV40 [ K P]DNA was incubated with 0. 1 unit of Hindlll and 0. 1 unit 
of Bam HI at 37° for 1 hr in 20 pi of 7 mM Tris-HCl, pH 7.9, 7 mM MgCl 2 , 50 mAf NaCI, 7 * 
mA/ 2-mercaptoethanol, 0.5 mg/ml gelatin. Lane d, 0.02 fig of SV40 [ 32 P]DNA was digested 
with Taql as for sample a in Fig. 7. One microliter of 1 M NaCl and 0. 1 unit of Hindlll were 
added and incubation was continued for 1 hr at 37°. Lane f, 0.02 fig of S V40 [ 32 P]DNA was 
digested with 0.1 unit of Bam HI and 0.1 unit of Hindi in 20 fi\ of 6 mM Tris-HCl, pH 7.9, 7 
mM MgCI 2 , 50 m.V/ NaCl, 7 mM 2-mercaptoethanol, 0.5 mg/ml gelatin at 37° for 1 hr. Lane 
h, 0.02 fig of SV40 p 2 P]DN A was digested with Taql as described in the legend to Fig. 7. One 
microliter of 1 M NaCl and 0.1 unit of Hindi were added and incubation was continued at 
37° for 1 hr. All samples were electrophoresed on 4% polyacrylamide gels at 120 V for 2.5 hr 
and analyzed by dried-gel autoradiography. 



Fragments resulting from double digestion are analyzed electrophoret- 
ically to localize the cleavage sites for Taql and BamUl within specific 
#/>7dIII and Hindi fragments. In Fig. 8, a comparison between a complete 
Hindlll digest (lane a) and a BamUVHindlll double digest (lane b) indi- 
cates that in the double digest Hindlll A is missing, and a new band below 
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TABLE III 

Products of Multiple Enzyme Digestion 



Size 0 
(nucleotide pairs) 



Estimated sizes 6 

of products 
(nucleotide pairs) 



//mcUD 



1768 
369 
5224 



900 900 
240 130 
3000 2200 



Fragment 
cleaved 
by Taql 



Size 0 
(nucleotide pairs) 



Estimated sizes 6 

of products 
(nucleotide pairs) 



tfmdIIIB 
//mcIIA 



1169 
1961 



740 430 
1000 1000 



° Derived from the data of Fiers et at. 22 

» Estimated from electrophoretic mobility, using the plot in Fig. 4. 

Wftidlll C is present. Similarly, for the TaqVHindlll digest (lane d), 
Hindlll B is missing and a new band below Hindlll C appears. Therefore, 
the cleavage site forltamHl is within the tfmdlll A fragment and that for 
W is within thetfmdlll B fragment. The other two double digests (lanes f 
and h) indicate that BamUl cleaves within thetfmcll D fragment and that 
Tool cleaves within thetfmcll A fragment. Since both the Hindlll A and 
the \ Hindi D fragments contain the BamH\ recognition site, they must 
overlap- likewise>e#/ndIII B and thcHindl A fragments overlap. These 
results roughly determine the relative orientations of the two maps 

In order to relate the two maps precisely, the exact locations of the 
Bamm and Taql sites on the Hindlll and Hindi maps must be deter- 
mined Each double digest contains two new products, the sizes of which 
can be estimated on the basis of electrophoretic mobility, using the plot in 
Fig 4 The simplest result of double digestion, not exemplified in this 
model study, is that the two new products migrate as distinct bands A 
second possibility is shown in Fig. 8, lane b. The new product between the 
ffindlll C and D fragments has an estimated length of »0 nudwt.de 
pairs, about half the length of the parent fragment, JTwidlll A (1768 nu- 
cleotide pairs). The fact that the new band is more dense than the band 
corresponding to the longer flindlll C fragment indicates that the band is 
actually a doublet. BamHl therefore cleaves the Hindlll A fragment near 
its center to produce two comigrating fragments. The same conclusion can 
be reached for the TaqVHindl digest (lane h), in which Taql cleaves the 
Hindi A fragment (1961 nucleotide pairs) to yield two fragments, each 
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DETERMINATION OF FRAGMENT ORDERING 



TABLE IV 

Cleavage of Fragments A and B from A Taq llBam H 1 Di gest 
with Hindi and Hindlll 






Products of digestion with Hindi 


Products of digestion without 


TaqVBamHX 
fragment 


Identifiable 
Hindi 
products 


Estimated sizes" of 
additional products 


Identifiable 
Hindlll 
products 


Estimated sizes" 0 f 
additional products 


A 
B 


B, E, F, G 
C 


240 1000 
130 1000 


C, E, F 
D 


430 900 
740 900 


0 Estimated from electrophoretic mobility, using the plot in Fig. 4. ~~ 
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about 1000 nucleotide pairs in length. In contrast to these cases the 
TaqVHindlll and BamHUHindl digests exemplify another possible result 
namely, that only one new band appears but, adjudged from the intensity 
of the band in the autoradiogram, it cannot be a doublet. Shown in lane d 
of Fig. 8, the Hindlll B fragment (1169 nucleotide pairs) is cleaved by Tool 
to produce a new fragment about 740 nucleotide pairs long that migrates 
between C and D. Since the predicted length of the companion new frag- 
ment is about 430 nucleotide pairs, it should migrate near Hindlll E (450 
nucleotide pairs long). Consistent with this prediction is the observation 
that the Hindlll E band is broader and denser than the D fragment in the 
double digest, indicating that it is indeed a doublet. Likewise, BamHl 
cleaves the Hindi D fragment (lane f) to yield the new fast-migrating 
fragment (about 140 nucleotide pairs), indicated by an arrow and a second 
fragment that comigrates with the Hindi E fragment (about 240 nu- 
cleotide pairs). These results are summarized in Table III. 

The data are used to construct a cleavage map by comparing the 
known distance between the Taql and BamHl cleavage sites with the 
possible distances calculated from the lengths of the double digestion 
products. For example, since Taql produces two fragments from jrYmdIII 
B, 740 and 430 nucleotide pairs in length, the cleavage site might be nearer 
the B-D junction or nearer the B-C junction (see Fig. 6). As summarized 
in Table III, BamHl cleaves the Hindlll A fragment near its center. The 
shorter distance between the BamHl and Taql cleavage sites, about 2200 
nucleotide pairs, should equal the sum of half of Hindlll A (900 nucleotide 
pairs), Hindlll D (526 nucleotide pairs) and either the 740- or 430- 
nucleotide pair fragment derived from Hindlll B. The former possibility 
yields a total of 2166 nucleotide pairs whereas the latter yields only 1856. 
The Taql site is, therefore, near the B-C junction. These arguments locate 
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u • . m an of SV40 DNA, including the cleavage sites for Taql, 
Fio 9. Composite physical map of svw ur. 
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